P rimary sclerosing cholangitis is an idiopathic, heterogeneous, cholestatic liver disease that is characterized by persistent, progressive, biliary inflammation and fibrosis. There is no effective medical therapy for this condition. 1 End-stage liver disease necessitating liver transplantation may ultimately develop in affected patients. 2 The cause and pathogenesis of primary sclerosing cholangitis are unclear, although it is generally accepted that both genetic and environmental risk factors contribute to the development of the disease as well as to its progression and outcomes. 3 Primary sclerosing cholangitis is strongly associated with inflammatory bowel disease (70 to 80% of patients have both conditions), and it is a risk factor for colon, bile-duct, and gallbladder cancers. 4 In this review, we discuss the clinical features of primary sclerosing cholangitis. We also summarize the current understanding of its pathogenesis and address the challenges and opportunities associated with its management.
Demogr a phic a nd Epidemiol ogic Ch a r ac ter is tics of Patien t s
Approximately 60% of patients with primary sclerosing cholangitis are male, and the median age at diagnosis is 41 years. 5 The incidence ranges from 0 to 1.3 cases per 100,000 persons per year, and the prevalence ranges from 0 to 16.2 cases per 100,000 persons. 6 Studies from northern Europe suggest that both the incidence and the prevalence are increasing. 5, 6 It is not clear whether these increases reflect true increases in disease occurrence or are due to better detection owing to increased awareness or to the availability of better diagnostic techniques such as endoscopic retrograde cholangiopancreatography (ERCP) and magnetic resonance cholangiopancreatography (MRCP). In the United States, approximately 29,000 patients have this disease. 7 
Clinic a l M a nifes tations
Primary sclerosing cholangitis is insidious; about half the patients with this condition do not have symptoms but receive a diagnosis after liver-function tests are found to be abnormal. 8, 9 The most frequent signs at diagnosis are hepatomegaly (in 44% of patients) and splenomegaly (in 39%). 9 When symptoms are present, abdominal pain (in 20% of patients), pruritus (in 10%), jaundice (in 6%), and fatigue (in 6%) predominate. 8 Diagnostic criteria include an increased serum alkaline phosphatase level that persists for more than 6 months, cholangiographic findings of bile-duct strictures detected by means of either MRCP or ERCP (Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org), and exclusion of causes n engl j med 375;12 nejm.org September 22, 2016 1162 T h e ne w e ngl a nd jou r na l o f m e dicine of secondary sclerosing cholangitis (Table 1) . 1, 10 A liver biopsy is not necessary for diagnosis unless small-duct primary sclerosing cholangitis or an overlap with autoimmune hepatitis is suspected. 1 Magnetic resonance elastography and transient elastography of the liver are promising noninvasive diagnostic tools that assess mechanical properties of the tissue such as fibrosis, but their specific role in evaluating the degree of liver fibrosis in patients with primary sclerosing cholangitis is unclear. 11, 12 There are several subtypes of primary sclerosing cholangitis ( Table 2 ). The classic subtype, which involves the entire biliary tree, is present in approximately 90% of patients with primary sclerosing cholangitis. Approximately 5% of patients have disease that affects only small intrahepatic bile ducts. 13 In addition, an overlap syndrome of primary sclerosing cholangitis with autoimmune hepatitis is present in 35% of children with primary sclerosing cholangitis, 14 but this combined entity is seen in only approximately 5% of adults. 15 The clinical manifestations and progression of primary sclerosing cholangitis may differ according to subtype ( Table 2) . For example, patients with small bile-duct disease generally have better outcomes than those with classic disease. 16, 17 Furthermore, patients who have primary sclerosing cholangitis without inflammatory bowel disease may have a different subtype than those with primary sclerosing cholangitis and concurrent inflammatory bowel disease. 18 Nevertheless, determining whether this combination is more than a coincidence is challenging, because inflammatory bowel disease may develop years after the diagnosis of primary sclerosing cholangitis and may develop even after liver transplantation.
Cause

Proposed Pathogenesis
Abdominal 
Primary Sclerosing Cholangitis
Approximately 10% of patients with primary sclerosing cholangitis have increased serum IgG4 levels, and these patients have a poorer outcome than those with normal serum IgG4 levels. 19 The condition of such patients should not be confused with that of patients who have IgG4-associated cholangitis, which is a systemic disorder characterized by high serum IgG4 levels, IgG4positive lymphoplasmacytic infiltration of affected organs (such as the pancreas and bile ducts), the abrupt onset of jaundice, biliary strictures that often respond to treatment with glucocorticoids (e.g., prednisolone at a dose of 40 mg daily), and the absence of inflammatory bowel disease. 20 No reliable biomarkers have been identified that predict the pace of progression of any form of primary sclerosing cholangitis. One or 2 years after diagnosis, a serum alkaline phosphatase level of less than 1.5 times the upper limit of the normal range has been associated with better outcomes than a level that is equal to or higher than 1.5 times the upper limit of the normal range. [21] [22] [23] However, it is not clear whether the serum alkaline phosphatase level is a reliable surrogate end point for clinical trials or a useful predictor of the long-term outcome in patients with primary sclerosing cholangitis. 24 In general, primary sclerosing cholangitis is slowly progressive, with variable outcomes. In a recent population-based study, the median survival among patients with primary sclerosing cholangitis who were seen at 44 hospitals in the Netherlands was longer than the median survival among patients who were evaluated at three transplantation centers in the Netherlands (21.3 years vs. 13.2 years, P<0.001). This finding probably reflects the referral of more seriously ill patients for evaluation for liver transplantation. 17 Bacterial cholangitis, which is the reported initial symptom in approximately 6% of patients with primary sclerosing cholangitis, 8 may be recurrent and intractable, and it occasionally necessitates liver transplantation. 25 In a study involving a cohort of 273 German patients, in which the median follow-up time was 76 months, a dominant stricture (a narrowing of an extrahepatic duct to <1.5 mm) 10 developed in approximately 40% of patients and may have been associated with cancer in 15 to 20% of patients. 9 Thus, the occurrence of a dominant stricture should arouse concern and prompt additional studies. Differentiating between benign and ma- Same as for classic subtype (see above); treatment for autoimmune hepatitis Better prognosis than with classic subtype but worse prognosis than with autoimmune hepatitis alone * MRCP denotes magnetic resonance cholangiopancreatography.
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T h e ne w e ngl a nd jou r na l o f m e dicine lignant dominant strictures is challenging, despite the advent of fluorescence in situ hybridization techniques to evaluate cells retrieved through brush specimens of the bile ducts for cytologic analysis. 26 A variety of coexisting conditions are associated with primary sclerosing cholangitis. 10 Because inflammatory bowel disease (ulcerative colitis more often than Crohn's disease) occurs in most patients with primary sclerosing cholangitis, colonoscopy is warranted in all patients who have received a new diagnosis. In one study, virtually all patients with coexisting primary sclerosing cholangitis and inflammatory bowel disease (either ulcerative colitis or Crohn's disease) had bowel disease affecting the entire colon, with evidence, in rare instances, of backwash ileitis (inflammatory and ulcerative changes seen in the terminal ileum of patients with ulcerative colitis) but with rectal sparing. 27 The risk of colon cancer among patients with primary sclerosing cholangitis and concomitant inflammatory bowel disease is four times as high as the risk among patients with inflammatory bowel disease alone and 10 times as high as the risk in the general population. 28 Gallbladder disease (stones, polyps, and cancer) is common in patients with primary sclerosing cholangitis. Gallstones have been reported in 25% of patients, and a mass has been reported in 6 to 14% of patients. 29, 30 Approximately 60% of mass lesions in the gallbladder are adenocarcinomas, 29,30 and one study showed that gallbladders that were removed before or at liver transplantation in patients with primary sclerosing cholangitis revealed dysplasia in 37% of patients and adenocarcinoma in 14%. 31 In developed countries, primary sclerosing cholangitis is the most common risk factor for cholangiocarcinoma. 32 Indeed, the risk of cholangiocarcinoma among patients with primary sclerosing cholangitis is 400 times as high as the risk in the general population. 17 Among patients with primary sclerosing cholangitis, the annual risk of cholangiocarcinoma is 2% and the 30-year cumulative incidence is 20%. 17, 33 Abrupt changes in clinical features such as a new onset of jaundice, fever, or weight loss, or biochemical abnormalities such as a new elevation in the level of alkaline phosphatase, bilirubin, or both (with or without a progressive elevation in the level of the serum tumor marker CA 19-9) should prompt additional evaluation. Useful studies include cross-sectional imaging (usually ultrasonography or magnetic resonance imaging of the liver), often followed by ERCP. Although biomarkers that reliably predict the development of cholangiocarcinoma in patients with primary sclerosing cholangitis have not been identified, many clinicians recommend annual ultrasonographic evaluation of the liver and serum testing for CA 19-9. Other conditions may occur in patients with this disease. For example, in a large study involving 237 patients with primary sclerosing cholangitis, approximately 15% had osteoporosis (T score of less than −2.5). 34 Moreover, an age older than 54 years, a body-mass index (BMI; the weight in kilograms divided by the square of the height in meters) of 24 or lower, and a long duration of inflammatory bowel disease (≥19 years) were correlated with osteoporosis. 34 
Pathogenesis
Both hereditary and environmental factors are involved in the cause and pathogenesis of primary sclerosing cholangitis 1,10 (Fig. 1) . A current working hypothesis postulates that after an unidentified environmental exposure, several genetically predisposed pathways contribute to persistent injury of cholangiocytes (the cells lining the bile ducts). This injury results in biliary inflammation and fibrosis.
Initial evidence of genetic susceptibility was derived from studies showing that the relative risk of primary sclerosing cholangitis among siblings with the disease is 9 to 39 times as high as the risk in the general population. 35 Validated genomewide association studies have shown 16 risk loci that are associated with primary sclerosing cholangitis (Table S1 in the Supplementary Appendix). [36] [37] [38] The HLA locus on chromosome 6p21 appears to contain regions associated with increased susceptibility to this disease. 36 Primary sclerosing cholangitis is strongly associated with HLA class I, II, and III regions (i.e., HLA-B*08, HLA-DRB1 alleles, and a locus near NOTCH4, respectively). [36] [37] [38] [39] Determination of causative genetic variants in these loci may lead to identification of the putative antigens, which in turn might lead to new therapeutic targets.
Moreover, genes of the interleukin-2 pathway (CD28, interleukin-2, and the alpha subunit of the interleukin-2 receptor) have also been associated with susceptibility to primary sclerosing cholangitis. 37, 38 Such data and functional studies suggest that adaptive immunity and regulatory T cells may be important in the pathogenesis of the disease. 40, 41 The contribution of B cells to the pathogenesis of primary sclerosing cholangitis is unclear, although, as mentioned, elevated serum levels of IgG4 have been described in approximately 10% of patients with this condition. 42 As of this writing, the environmental trigger or triggers for primary sclerosing cholangitis are only associational. Of interest, smoking appears to be protective, 43 and patients with the disease consume less coffee than do controls. 43, 44 Patients with primary sclerosing cholangitis have reported a higher frequency of exposure to farm animals, but not domestic animals, during childhood than controls. 43 In one study, fewer female patients than female controls reported the use of contraceptive hormones. 43 In another study, women with primary sclerosing cholangitis had more frequent urinary tract infections than did controls. 45 Finally, patients with primary sclerosing cholangitis, regardless of their sex or associated inflammatory bowel disease, were less likely than controls to consume fish but were more likely to consume well-done steak or hamburgers. 45 These findings might imply that dietary intake and methods of food preparation may contribute to the development of the disease, perhaps through changes in the gut microbiome.
The strong association of primary sclerosing cholangitis with inflammatory bowel disease has led to a "microbiota hypothesis" that is supported by observations both in vitro 46 and in animal models. 47 This hypothesis postulates that microbial molecules arising from the intestine and reflecting microbial dysbiosis reach the liver through the portal circulation and initiate an aberrant cholangiocytic response, such as induction of cholangiocyte senescence (see below). In humans, genetic variants of fucosyl transferase 2, a molecule expressed in gut and cholangiocytes, participate in the synthesis of the H antigen oligosaccharide, which serves as a binding moiety for some intestinal bacteria. These variants are linked to differences in the microbial composition of bile -specifically, decreases in Proteobacteria and increases in Firmicutes. 48, 49 An additional theory regarding the pathogenesis of primary sclerosing cholangitis is the "gut Primary sclerosing cholangitis is caused by the interaction of predisposing genetic factors and environmental exposures in local biologic processes that occur at the level of the gut (i.e., gut lymphocyte homing to liver and chronic mucosal inflammation) and the liver (i.e., activation of cholangiocytes and the bile milieu). This condition is influenced by the intestinal microbiome and other dynamic elements, including the epigenome and metabolome. The stochastic effect of environmental factors on germline and somatic biologic events leads to a variety of clinical subtypes of primary sclerosing cholangitis. The persistence and progressive nature of biologic dysfunction result in multifaceted, often interrelated, outcomes of primary sclerosing cholangitis. These outcomes range from chronic liver cholestasis and inflammation to malignant transformation of the liver and gut and to metabolic bone disease, and they may necessitate liver transplantation. 
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T h e ne w e ngl a nd jou r na l o f m e dicine lymphocyte homing" hypothesis, which postulates that activated T cells from the intestine home in on the liver and initiate immune-mediated damage. 50 Such a scenario assumes that intestinal T cells are stimulated within intestineassociated lymphoid tissue, express the cellsurface receptors integrin α4β7 and CCR9, and then are recruited to the hepatic tissue as a result of abnormal expression in the liver of their associated ligands such as the adhesion protein mucosal addressin-cell adhesion molecule 1 (MAdCAM-1) and the chemotactic protein CCL25, which are typically limited to the gut. 51, 52 The expression of these ligands on periportal endothelial cells and the subsequent homing of α4β7-positive and CCR9-positive T cells to liver parenchyma have been reported in patients with primary sclerosing cholangitis. 53 It is now thought that in addition to extrinsic mechanisms, through which cells are targeted for injury, cholangiocytes themselves may be actively involved in the cause and pathogenesis of primary sclerosing cholangitis. 54 For example, in response to recognition of pathogen-associated molecular patterns and other stimuli, cholangiocytes express a number of proinflammatory cytokines such as tumor necrosis factor α, interleukin-6, interleukin-8, and other bioactive molecules. 55 Cholangiocyte synthesis and secretion of such signaling mediators compose part of the bile-duct innate immune and repair response and mediate recruitment and stimulation of T cells, macrophages, neutrophils, natural killer cells, and other resident and recruited cells. 54 Dysregulation of such "activated cholangiocytes," particularly in genetically susceptible persons, may confer a predisposition to the development and progression of primary sclerosing cholangitis.
Recent data show that in patients with primary sclerosing cholangitis, cholangiocytes undergo the process of cellular senescence. The phenotype of cellular senescence is linked to both cell-cycle arrest and vigorous secretion of various molecules, including cytokines. This process is called the senescence-associated secretory phenotype. 56, 57 Cells with this phenotype can modify their microenvironment (e.g., the extracellular matrix), bolster the senescent phenotype, induce proinflammatory cellular reactions, and accelerate neoplastic transformation. 56, [58] [59] [60] Investigators are focusing on the relationship between cholan-giocyte senescence and the pathogenesis and progression of primary sclerosing cholangitis in order to develop new therapeutic interventions called "senolytics." Unfortunately, an animal model of primary sclerosing cholangitis that recapitulates the cardinal features of the disease is lacking; this will hamper preclinical drug testing once targets are identified. 61 
M a nagement
Caring for patients with primary sclerosing cholangitis is challenging and complicated. It necessitates treatment of both the primary liver disease and coexisting conditions, as well as subsequent therapy for potential complications of end-stage liver disease. In our view, patients with advanced primary sclerosing cholangitis, such as those with refractory symptoms or cholangiocarcinoma, are best treated at specialized centers that offer an integrated, multidisciplinary approach with a team that includes hepatologists, gastroenterologists, endoscopists, radiologists, and liver transplantation surgeons.
As of this writing, no effective medical therapy exists for primary sclerosing cholangitis, despite multiple clinical trials that have been conducted over the course of decades. Because the pathogenesis of primary sclerosing cholangitis is poorly understood, the identification of therapeutic targets and the design of targeted therapies have been difficult. Moreover, primary sclerosing cholangitis is uncommon, heterogeneous, and lacks reliable biomarkers. Consequently, patients cannot be stratified properly, and well-defined disease end points for adequately powered clinical trials are lacking.
Ursodeoxycholic acid has been widely studied as a therapy for primary sclerosing cholangitis. 62 In one randomized, double-blind, placebo-controlled trial, patients who received ursodeoxycholic acid had decreased levels of serum liver enzymes, but they did not have higher rates of survival than the rates among patients who received placebo. 63 In a randomized, double-blind, placebo-controlled trial, the risk of the primary end point (death, liver transplantation, minimal listing criteria for liver transplantation, cirrhosis, esophageal or gastric varices, and cholangiocarcinoma) was 2.3 times higher among patients who received high-dose ursodeoxycholic acid (at a dose of 25 mg per kilogram of body weight) than among those who received placebo (P < 0.01). 64 Thus, treatment guidelines for primary sclerosing cholangitis are conflicting: the American Association for the Study of Liver Diseases and the American College of Gastroenterology do not support the use of ursodeoxycholic acid, 10, 65 whereas the European Association for the Study of the Liver endorses the use of moderate doses (13 to 15 mg per kilogram). 62 Given the conflicting guidelines, it may be reasonable, in our view, to prescribe ursodeoxycholic acid (at a dose of 13 to 15 mg per kilogram) for 6 months and to monitor the patient's liver-enzyme levels. If no decrease in alkaline phosphatase levels occurs within that time frame, we would suggest discontinuation of therapy and observation of the patient or enrollment of the patient in a clinical trial.
Several new treatments are being assessed in ongoing clinical trials ( Table S2 in the Supplementary Appendix). For example, obeticholic acid is a semisynthetic analogue of chenodeoxycholic acid and a potent ligand for the farsenoid X receptor that has an antifibrotic effect. 66 A clinical trial of that agent in patients with primary sclerosing cholangitis is under way (ClinicalTrials.gov number, NCT02177136). Another trial involves the use of simtuzumab (NCT01672853), a monoclonal antibody against lysyl oxidase-like 2 (Loxl2), an enzyme that functions as a profibrotic protein in primary sclerosing cholangitis. 67 In addition, 24-nor-ursodeoxycholic acid, a synthetic bile acid that is known to produce a bile acid-dependent bicarbonate-rich choleresis, may have beneficial effects in patients with liver fibrosis 68 and is currently under study (NCT01755507).
Reducing exposure of cholangiocytes to putatively toxic bile acids can be achieved by inhibiting the apical sodium-dependent bile acid transporter in the ileum. In an animal model, such inhibition has been shown to reduce hepatic profibrogenic gene expression, up-regulate antiinflammatory and antifibrogenic genes, and decrease the pool size and composition of bile acid, resulting in improved histologic features in the liver. 69 A clinical trial of an apical sodiumdependent bile acid transporter inhibitor, LUM001, is currently under way (NCT02061540).
Another clinical trial is evaluating BTT1023, a human monoclonal antibody that targets the vascular adhesion protein 1 (an adhesion molecule that is important for gut homing of T cells) (NCT02239211). An additional approach tests the concept that oral antibiotics such as vancomycin could alter the gut microbiota and reduce innate immune responses that could be pivotal in the development of biliary inflammation and fibrosis. Indeed, a small study of vancomycin showed a reduction in alkaline phosphatase levels at 12 weeks, 70 and an ongoing trial is evaluating its usefulness in children with primary sclerosing cholangitis (NCT01802073). Finally, because the intestinal microbiome may be involved in the development of primary sclerosing cholangitis, a pilot study of fecal microbiota transplantation is in the planning stages (NCT02424175).
The treatment of complications of end-stage liver disease in patients with primary sclerosing cholangitis and the management of associated and coexisting conditions are summarized in Table 3 . In patients with both primary sclerosing cholangitis and inflammatory bowel disease, inflammatory bowel disease should be treated according to the relevant guidelines. 10 Even if patients with inflammatory bowel disease have undergone liver transplantation, they should undergo annual colonoscopy with surveillance biopsies, given the increased risk of colon cancer.
Patients who do not have evidence of inflammatory bowel disease should undergo colonoscopy every 5 years, given their risk of colonic lesions. An annual ultrasonographic evaluation of the gallbladder for assessment of polyps or other mass lesions is also recommended. 10 Because of the risk of cancer, patients with gallbladder masses of any size should undergo cholecystectomy. A 5-year recurrence-free survival rate of 65% has been reported among selected patients with primary sclerosing cholangitis and perihilar cholangiocarcinoma who have undergone liver transplantation after neoadjuvant chemotherapy and radiation therapy. 71 Because of the progressive nature of primary sclerosing cholangitis, approximately 40% of patients with this disease will ultimately require liver transplantation. 9 In fact, primary sclerosing cholangitis was the indication for approximately 6% of liver transplantations performed in the United States from 1988 through 2015 (www . unos . org). This is a remarkable statistic given the rarity of the disease (1 case per 10,000 per- sons), and it underscores both the financial burden of primary sclerosing cholangitis (the cost of all liver transplantations for primary sclerosing cholangitis in the United States is approximately $125 million each year) and the urgent need for effective medical therapies for this condition.
After liver transplantation for primary sclerosing cholangitis, the 1-year survival rate is approximately 85% and the 5-year survival rate is approximately 72% (www . unos . org). Nevertheless, the disorder may recur in approximately 25% of patients after transplantation. 72 Recurrence of primary sclerosing cholangitis is diagnosed on the basis of cholangiographic evidence of the disease in the absence of chronic liver rejection or vascular offenses (such as ischemia) to the transplanted liver. One study showed that colectomy before liver transplantation in patients with inflammatory bowel disease may decrease the frequency of recurrence after transplantation. 73 
Unme t Needs a nd Fu t ur e Dir ec tions
Primary sclerosing cholangitis remains a poorly understood disease for which medical therapy is lacking. Both unbiased "-omics" approaches (e.g., genomics, epigenomics, and proteomics) in large, well-phenotyped cohorts of patients and hypothesis-driven experiments on model systems such as animal models and organoids are needed to better delineate the pathogenesis of the disease and to identify new therapies.
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